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ABSTRACT

Mass spectrometry imaging (MSI) provides information about the spatial localization of molecules
in complex samples with high sensitivity and molecular selectivity. Although point-wise data
acquisition, in which mass spectra are acquired at pre-defined points in a grid pattern, is common
in MSI, several MSI techniques use line-wise data acquisition. In the line-wise mode, the imaged
surface is continuously sampled along consecutive parallel lines and MSI data are acquired as a
collection of line scans across the sample. Furthermore, aside from the standard imaging mode in
which a full mass spectrum is acquired in each pixel of the image, other data acquisition modes
have been developed to enhance the molecular specificity, enable separation of isobaric and
isomeric species, and improve the sensitivity to facilitate imaging of low abundance species. These
methods, including MS/MS-MSI in both MS? and MS® modes, multiple-reaction monitoring
(MRM)-MSI, and ion mobility spectrometry (IMS)-MSI have all demonstrated their capabilities,
but their broader implementation is limited by the existing MSI analysis software. Here, we present
MSIGen, an open-source Python package for the visualization of MSI experiments performed in
line-wise acquisition mode containing MS!, MS?, and IMS data. The package supports multiple
vendor-specific and open-source data formats. It is available for download from the Python
Package Index (PyPI) and its source-code is available at https://github.com/LabLaskin/MSIGen.

This package contains tools for targeted extraction of ion images, and allows for normalization,
and exportation as image arrays or publication-style images. MSIGen offers multiple interfaces
allowing for accessibility and easy integration with other workflows. Considering its support for a
wide variety of MSI imaging modes and vendor formats, MSIGen is a valuable tool for the
visualization and analysis of MSI data.
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INTRODUCTION

Mass spectrometry imaging (MSI) is a powerful technique for label-free, spatially resolved
chemical analysis of hundreds of molecules in the same experiment. (1-5) MSI has been applied
to a diverse set of samples including plant (6,7) and animal tissues, (8,9) microbial and yeast
colonies, (10,11) and surfaces prepared using ion soft-landing. (12,13) Most MSI experiments that
rely on matrix assisted laser desorption ionization (MALDI) (14-16) or secondary ion mass
spectrometry (SIMS) (17—19) use a pulsed laser or ion beam to desorb and ionize compounds from
the sample. In these experiments, mass spectra are typically acquired in a point-wise fashion,
meaning that each mass spectrum is collected at a predefined point on a grid and saved to the same
file. MSI data are often converted into the commonly used open-source .imzML MSI file format,
which is compatible with open-source software for data analysis including Cardinal, (20)
Metaspace, (21) MSIQuant, (22) MzMine, (23) and rMSlIproc. (24) Meanwhile, SCiLS (Bruker,
Billerica, MA, USA) is one of the most widely used commercial software that supports point-wise
data acquisition mode, with other options including MSIReader, (25) Mozaic MSI (Spectroswiss,
Lausanne, Switzerland), (26) and more.

Several other ionization techniques used in MSI experiments including desorption
electrospray ionization (DESI), (27) nanospray-desorption electrospray ionization (nano-DESI),
(28) and scanning probe electrospray ionization (sPESI) (29) rely on data acquisition performed
in a line-wise fashion. In this mode, line scans are acquired across the sample, and each line is
saved as a separate file. Currently, there is limited software available for visualizing data acquired
using the line-wise data acquisition mode. Free and open-source tools that support this mode
include Ion-to-Image (121) (30) and MSIQuickView. (31,32) 121 can effectively visualize data from
Thermo Fisher Scientific (Waltham, MA, USA) instruments containing MS data with arbitrary
numbers of activation events after conversion to .mzML format. MSIQuickView is more limited,
only supporting MSI data containing MS' or MS/MS (MS?) spectra and is no longer maintained.
Mozaic MSI is a commercial program that supports both point-wise and line-wise data acquisition
modes and has been used for visualizing nano-DESI MSI data. (26,33,34)

Typical MSI experiments are acquired using the full MS' mode. Meanwhile, other
acquisition modes, including ion mobility spectrometry (IMS)-MSI, (35—41), multiple-reaction
monitoring (MRM)-MSI, (42,43) MS2-MSI, (44-47) and MS*-MSI (48,49) have demonstrated
their power by enabling better separation of the isobaric and isomeric species in complex lipid and
metabolite mixtures extracted during MSI of biological samples. Despite the advantages provided
by these acquisition modes, they are rarely implemented due to software limitations. Current
software including i2i, MSIQuickView, SCiLS, and Mozaic all support MS2-MSI. However, they
are often limited to specific data formats and do not support all the acquisition modes described
earlier. Furthermore, none of them currently support line-wise acquisition IMS-MSI data, and
neither of the open-source software support the visualization of data from multiple instrument
vendors. An open-source IMS-MSI data processing workflow (50) developed to address
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challenges associated with the visualization of IMS-MSI data uses several platforms and is difficult
to maintain.

To address this challenge, we have developed MSIGen, an open-source Python package
that can visualize line-wise MSI data files and save them in either image or array formats. MSIGen
supports MS!, MS?, MRM, and IMS-MSI data in the open-source .mzML format or commercial
file formats, including those used by Agilent (Santa Clara, CA, USA), Thermo Fisher (Waltham,
MA, USA), and timsTOF instruments from Bruker (Billerica, MA, USA). We provide an option
to use a graphical user interface (GUI), Jupyter Notebook, or command line interface, which
significantly simplifies data visualization and makes this package flexible and easy to adapt to new
modes of data acquisition.

MATERIALS AND METHODS

A Windows 10 laptop containing an Intel Core 17-7700HQ and 16 GB of RAM with a 1TB
HGST HDD hard drive was used for the development and testing of MSIGen. The package was
developed in Python 3.9 and is currently compatible with Windows and Python versions 3.9-3.11.
The following packages are used as dependencies: Multiplierz, (51) pymzML, (52) OpenTimsPy,
(53) NumPy, (54) Pandas, (55) SciPy, (56) scikit-image, (57) Matplotlib, (58) pywin32, Numba,
(59) and tqdm. (60) A script and .dll to access Bruker’s .tsf format data was provided by Bruker
(Billerica, MA, USA). Any file conversion to the .mzML format was done with MSConvert
v3.0.23054-b585bc2. (61)

Table 1. A list of datasets used for the development and testing of MSIGen

Dataset Instrument Data Size Number of
Content (MB) | Line scans

1 (ref. 44) | Q-Exactive HF-X Orbitrap MS! 1328 | 65

2 (ref. 62) | Q-Exactive HF-X Orbitrap MS? 636 39

3 (ref. 43) | Agilent 6560 IM-QTOF MS! 1875 |51

4 (ref. 63) | Agilent 6560 IM-QTOF IMS-MS' | 6840 | 56

5 (ref. 43) | Agilent Ultivo triple quadrupole MRM 94 46

6 (ref. 64) | TimsTOF Pro2 MS'! 489 38

7 (ref. 36) | TimsTOF Pro2 IMS- MS' | 783 37

Experimental details of each dataset can be found in their respective publications.
(36,43,44,62—64) As indicated in Table 1, these datasets were acquired on a Thermo Fisher Q-
Exactive HF-X Orbitrap MS, Agilent 6560 IM-QTOF MS, Bruker timsTOF Pro2 MS, and Agilent
Ultivo triple quadrupole MS. Each experiment used a custom nano-DESI source, described
elsewhere. (28,31,36,43,47,63—68) Data were collected in multiple reaction monitoring (MRM)
mode for the Agilent Ultivo triple quadrupole MS, while all other instruments used either full MS!,
MS!-IMS, or MS? modes. In some experiments that included more than one scan type, different
MS!, MRM, or MS? scans were acquired sequentially, and then repeated in a cycle. Multiple line
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scans were acquired by moving the sample stage under the nano-DESI probe while acquiring mass
spectra. Each mass spectrum in the line scan represents one pixel in the ion image and each line
scan is saved as a separate file. Most datasets had some amount of variation in the number of MS
spectra per line scan. This is more pronounced in the MSI data acquired using Q-Exactive HF-X
Orbitrap MS, which uses automatic gain control (AGC). AGC automatically adjusts the ion
injection time to reduce the space charge effect, which results in variations in the acquisition time
between mass spectra. (69)

RESULTS AND DISCUSSION

MSIGen, available as a Python package (https://github.com/LabLaskin/MSIGen), enables
easy and accessible image generation and exportation. This package offers tools for user file and

parameter input, image array creation, image normalization, and image visualization. The
visualization tool supports the generation of ion images from datasets that include MS!, MRM,
and MS? spectra, with or without IMS separation. In addition, fractional images and ratio images
can be generated. In fractional images, ion signals in each pixel of the image are divided by the
sum of that pixel from multiple ion images. Meanwhile, ratio images are generated by dividing
one ion image by another. Images can be viewed using a variety of colormaps offered by Matplotlib
(58). Additionally, very bright pixels can be dimmed using a spike handling tool. This reduces the
intensity of the bright pixel to that of the user-provided nth quantile of the intensities within each
image. Publication-style images (as .png, .jpeg, or .tiff) can be exported with automatically
generated descriptive titles or with user-provided titles.

Table 2 displays the file types that are supported by MSIGen alongside the package that is
used to read each file type. MSIGen directly supports MS!, MRM, and MS? data in .mzML files
and multiple commercial formats including .raw from Thermo Fisher, .d from Agilent, and .d from
Bruker timsTOF instruments. IMS data in .mzML files and .d files from Bruker timsTOF
instruments are also supported. Other files that are not directly supported can be converted using
MSConvert to .mzML format, and subsequently imported into MSIGen. (61)

Table 2. Summary of supported file types in MSIGen and the file reader for each

File Format IMS support MS File Reader

.raw (Thermo Fisher) No Multiplierz (51)

.d (Agilent) No Multiplierz (51)

.d files in .tsf or .tdf format Yes tsf.py (.tsf) or OpenTimsPy
(Bruker timsTOF instruments) (53) (.tdf)

.mzML (From MSConvert) Yes pymzML

Vendor formats not shown in Table 2 were not tested, so they may or may not be supported by
conversion to .mzML format. Due to issues with MSConvert, files from Agilent triple quadrupole
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instruments are only accessible directly as .d files and not after conversion to .mzML format.
Additionally, the current version of MSIGen assumes that only one MS! mass window is present
in the data and therefore it does not support files with multiple MS' windows.

Data processing workflows.

The MSIGen workflow differs depending on the experiment type, which can be MS', MS?,
MS!-IMS, and MS2-IMS. Additionally, the workflow differs slightly for each accepted file type
shown in Table 2. The main difference in workflow between file types is that the reader for the M'S
files differs. The MS file readers used for each file type are specified in Table 2.

The MS' workflow for MSIGen begins with the user providing the paths of the MS files,
a mass list (as .xIsx or .csv) containing relevant m/z values also referred to as transition list, and
other user-defined parameters such as mass tolerance and the dimensions of the imaged area.
Details about the mass list can be found in Table S1. MSIGen loads the MS line scan files
sequentially and extracts the intensity values for all mass list entries from each contained mass
spectrum. Intensities are obtained by summing the intensities of all data points that are within the
specified m/z tolerance window. For each line, intensities are saved to an array of shape (n, s)
where 7 is the number of mass list entries plus one for the total ion count (TIC), and s is the number
of spectra in the line. Additionally, the time point at which each spectrum was acquired is recorded.
Since the time point of each spectrum is directly related to the position at which the spectrum was
acquired, the time point can be used to determine the location of the spectrum in the image. Due
to the variations in the spectrum acquisition rate, the time point of each spectrum differs across
lines and the number of spectra in each line may differ. MSIGen uses nearest-neighbor
interpolation to resample each line scan at uniformly separated points to generate an array of
signals with the same number of spectra per line and aligned time points across all lines. After
resampling, the data is saved as an image array of shape (n, x, y) where x is the number of line
scans, and y is the greatest number of spectra in a single line scan. This array is saved as a .npy
or .csv file. Input parameters, the mass list entries, and relevant instrumental data are saved in a
separate file.

For the MS!-IMS workflow, the only significant difference compared to the MS! workflow
is that intensities are obtained by summing the intensity of all data within both an m/z and an ion
mobility tolerance window.

For MS?-MSI and MRM-MSI data, the workflow begins with a preprocessing step, which
groups mass spectra based on their m/z range, precursor, scan type (ex. MS!, MS?, etc.), and
polarity. Entries in the mass list are then grouped into transition groups if they appear in the same
set of spectra, as shown in Figure S1. To prevent slow processing times, the length of the line
arrays must be equal to the number of spectra in the line. However, it is likely that each transition
group has a different number of spectra in each line. Therefore, a line array is saved for each
transition group. Two m/z tolerance windows are used to extract signal from MS? spectra: one for
the precursor and one for the fragment. The images are by default saved as a single array. In this
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process, each line is resampled similarly to the MS! workflow. Alternatively, the images can be
saved as multiple arrays, one for each transition group. Here each line array is resampled at x
uniformly separated points, where x is the greatest number of spectra of the transition group in a
single line. Saving as a single image array simplifies subsequent data processing, while one array
for each transition group reduces distortion due to resampling during interpolation.

The MS2IMS workflow follows the MS? workflow but uses the ion mobility window of
each spectrum as another factor to group spectra and transitions. It also uses an ion mobility
tolerance window in addition to the precursor and fragment m/z tolerance windows to obtain
intensity values.

GUI Interface for MSIGen

There are three options to interface with MSIGen: a guided user interface (GUI), Jupyter
notebook interface, or command line interface. All interfaces provide the same outputs, but the
GUI is easiest to use for those with no coding experience. Meanwhile, the Jupyter notebook offers
interactivity and better control over the visualization parameters, and the command line interface
enables the development of automated workflows.

4 MSI Generator - O X
MS data files to use: d
a D:\example_data\testlinel.d ¥ Contains MS2 Data

D:\example_data\testline2.d
D:\example_data\testline3.d
D:\example_data\testlined.d
D:\example_data\testline5.d

V¥ Contains lon Mobility Data

Tolerance values:

D:\example_data\testline6.d MS1 Mass

D:\example data\testline7.d
10.0 ppm ¥
Precursor Mass
1.0 m/z ¥
Fragment Mass
10.0 ppm ¥

Open New Files | Delete ‘ lon Mobility
0.1 s v
b Transition list file:
D:/example_data/testmasslist.xlsx Image dimensions (h x w):
Select Mass List File | 10 x |10 mm

Qutput tile directory:

C D:/example_data R U N

Select Output Folder |

Figure 1. The main window of the MSIGen GUI contains fields for (a) selected files, (b) file path
for the transition list, (c) folder to save output files to. Data processing parameters including the
values of all tolerances and the spatial dimensions of the imaged area are specified in (d). This
panel also allows the user to specify whether the MS files contain MS? scans or any IMS data. The
“Run” button begins data processing.
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The main window of the GUI, shown in Figure 1, prompts the user to input the paths for
the MS line scan files, the mass list, and the output directory. In addition, checkboxes are used to
indicate whether the MS files contain MS? or ion mobility data. For the purposes of MSIGen, files
are considered to contain MS? data if either full MS? scans or MRM data are present. Other
parameters such as tolerance values and the dimensions of the imaged area must also be defined.
For ease of use, the user can provide the paths for all MS files, or a single MS file path, in which
case MSIGen automatically finds the other line scan files, as shown in Figure S2. Pressing the
“RUN” button opens a progress bar and starts the image extraction process.

¢ MsI Generator = [m} X

a lon Images Fractional Images Ratio Images d

Normalization method: Internal Standard ~
Index of internal standard from mass list: |1
Adjust max intensity to this value: e Path to save images to:
D:/example_data

Reselect Output Folder
Colormap to use:  Path to save images to:

viridis D:/example_datd rate Images | | View Mass List | Reselect Raw
Reselect Output Folder
Generate Images l View Mass List ] Reselect Raw Files
b # M| Generator - m} X ? N —_ O X
lon Images Fractional Images Ratio Images
Normalization method: None v Index m/z MObIllty
Indices of ions to use from mass list: |1, 2
1 658.4397 1.326
2 756437 1.389
Colormap to use:  Path to save images to:
viridis v D:/example_data 3 800'5532 1'472
Reselect Output Folder 4 .798.538 1.456
Generate Images |  View Mass List | Reselect Raw Files 5 782.56‘42 1.447
C ¢ M| Generator — a X (3 772.5223 1.439
lon Images Fractional Images Ratio Images 7 769.5591 1.459
Normalization method: None ~
How to handle divide by zero errors:  Maximum v 8 756-5485 1 -432
Indices of ions to use from mass list: |1, 2 9 753.586 1 -448
™ Use log-scale for intensity
Colormap to use:  Path to save images to: 1 0 674'41 38 1 . 329
viridis v D:/example_data 1 i | 754'533? 1 '41 1
Reselect Output Folder
Generate Images |  View Mass List l Reselect Raw Files l 12 7545335 1429

Figure 2. The image creation window with (a) the ion image page, (b) the fractional
image page, and (c) the ratio image page. (d) Clicking the “View Mass List” button

displays the mass list entries alongside their index, which are used in entry boxes in
(a) (b) and (c¢).

Next, the image creation window shown in Figure 2 will appear. This window contains
three tabs, in which the user specifies parameters for generating ion images, fractional images, or
ratio images. In each of the tabs, the mode of normalization, output directory, and color maps are
specified. Ion images can be saved as raw images or can be normalized to the TIC or an internal
standard as shown in Figure 3. To support the generation of different types of ion images, each m/z

https://doi.org/10.26434/chemrxiv-2024-brc8d ORCID: https://orcid.org/0009-0009-6374-3761 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2024-brc8d
https://orcid.org/0009-0009-6374-3761
https://creativecommons.org/licenses/by-nc/4.0/

window is assigned an index based on the order of the mass list file. To generate ion images without
any normalization (raw images) or TIC normalization, the user must simply specify the
normalization method. To generate ion images normalized to the internal standard, the index of the
internal standard must be specified. The index can be found by opening the mass list using the
“View Mass List” button.

TIC normalized
m/z: 885.5503

0.000

Internal standard
e . normalized
f  m/z 885.5503 |/~

m/2:885.5503

Figure 3. (a) The optical image of the mouse muscle tissue section imaged in dataset #1.
(b) The ion image of an endogenous species at m/z = 885.5503; (c) the TIC image; (d) the ion
image of the internal standard at m/z = 242.1761; (e) the ion image of m/z = 885.5503 normalized
to TIC; (f) the ion image of m/z = 885.5503 normalized to the internal standard. The m/z tolerance
to generate these images was +10 ppm. The colormap used to generate these images is viridis.

The generation of fractional and ratio images is illustrated. Figure 4 shows a comparison
of the spatial localizations of isobaric species in experiment #4, which contains IMS-MSI data.
The fractional images in Figure 4c can be generated by specifying the indices of the images to be
used, separated by commas. Each image is divided by the sum of all the images for which the
index was provided. Fractional images can be base peak normalized, where all images are
normalized to the signal in their brightest pixel before summation and division. This normalization
option enables better comparison of the spatial distribution of images with intensities that differ
substantially.

Ratio images, seen in Figure 4d, are generated by providing the indices of the two images
that will be used. These can be base peak normalized the same as fractional images and can be
displayed using a log scale for intensity. MSIGen offers the option to replace divide-by-zero errors
with zero, infinity, or the maximum of the ratio image. Pressing “Generate Images” saves
publication style images using one of a variety of colormaps, and a link to the save location will
appear when complete. Overall, MSIGen’s visualization tool enables users to obtain images of ion,
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fractional, or ratio images with multiple normalization options to allow for direct or comparative
visualization of the spatial distributions of analytes.

m/z: 306.0748 Peak at 17.85 us ® Peak at 17.85 us

b Drift time: 17.85 us ||~ C Peaks at 17.85 + 21.29 11 d Peak at 21.29 15
- < S et T G i SEaRT

B s CEg

00
10

m/z: 306.0748 14000 Peak at 21.29 ps Peak at 21.29 ps
Drift time: 21.29 us Peaks at 17.85 + 21.29 ps Peak at 17.85 u

ooooo

o 00

Figure 4. IMS-MSI images of two species with the m/z value of 306.0748 and differing
ion mobility values of 17.85 us and 21.29 us from dataset #4. (a) The optical microscopy image
of the mouse uterine section. (b) Unnormalized ion images of the two species. The spatial
distributions of these two species were compared by generating (c) fractional images and (d) ratio
images. All images were generated using the MSIGen Jupyter notebook using a m/z tolerance of
+10 ppm and a mobility tolerance of 0.5 ps.

MSIGen Jupyter Notebook Interface

Jupyter notebook is an interactive Python kernel that allows for running small portions of
the code at a time, making it easy to use for step-by-step processes. The Jupyter notebook made
for MSIGen offers expanded functionality compared to the GUI. Rather than requiring intensity
extraction from MS files before proceeding to the visualization step, the Jupyter notebook can load
previously generated image arrays, which substantially reduces the time needed to export images.
The Jupyter notebook can also be saved including all the user-specified input parameters. This
allows the user to re-process the dataset without specifying the parameters again. The Jupyter
notebook also offers more options during image visualization, such as displaying images before
saving them, displaying only a few rather than all images, adding user-provided titles to the images,
and allowing the user to change the aspect ratio of the pixels more easily. Additionally, the internal
standard can be defined based on its m/z and mobility values instead of finding its index from the
mass list.

MSIGen Command Line Interface
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The command line interface for MSIGen allows the user to process and save images for
multiple experiments without further input after starting. The command line interface requires that
parameters are provided within .json format configuration files. Running the MSIGen CLI.py file
with the paths to the configuration files as arguments consecutively extracts and saves images for
each provided file. Since these configurations files are relatively simple, they can be procedurally
generated, allowing for users to easily include MSIGen in their own automated workflows.

MSIGen Performance

Each of the datasets was converted to .mzML except for the Agilent Ultivo triple
quadrupole dataset, which cannot be converted properly by MSConvert. All compatible files were
processed using MSIGen, with relevant data recorded in Table 3.

Table 3. Summary of each dataset and its processing time in MSIGen

Dataset | File format Data Size Number | Number | Processing
from Content | (MB) | of Lines | of Mass | Time (s)
Table 1 List
Entries
1 raw MS! 1328 | 65 507 106
1 .mzML MS! 3698 | 65 507 336
2 raw MS? 577 139 41 49
2 .mzML MS? 1766 | 39 41 83
3 .d (Agilent) MS'! 1875 |51 500 30
3 .mzML MS' 8256 |51 500 75
4 .mzML IMS-MS! | 40329 | 56 7 33min 30s
5 .d (Agilent) MRM 17.4 6 8 231
6 .d (Bruker .tsf) | MS'! 489 9 164 90
6 .mzML MS! 4477 19 164 351
7 .d (Bruker .tdf) | IMS-MS! | 783 37 12 48
7 .mzML IMS-MS! | 2003 | 37 12 293

For each data set, we compared the processing time for the original files in vendor-specific
formats and data converted to the .mzML format. The files were converted using MSConvert with
and default settings apart from turning “combine ion mobility scans” on. It is apparent from Table
3 that the processing times for .mzML files are much slower than for the commercial file formats.
For all the datasets that we compared, it took at least 1.7 times longer to process them as .mzML
files, with dataset #7 taking more than 6 times longer. These results highlight the benefits of
MSIGen directly supporting commercial data formats, especially when considering the time
needed to convert the files to .mzML format.

However, MSConvert has options to reduce the size of converted .mzML files, which also
reduces the processing time in MSIGen. We used dataset #7 to compare the effect of different
conversion settings on the processing time. The results of this comparison are summarized in table
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4. We found that three settings contribute to a significant reduction in processing time. Specifically,
decreasing the encoding precision from the default 64-bit to 32-bit results in a more than 5-fold
decrease in processing time. It also reduces the space needed to save the .mzML files. Using a
peak-picking algorithm, the vendor-provided option in this case, results in a minor decrease in
processing time. Using a threshold peak filter to keep only peaks over a user specified intensity
threshold or instead to keep the top user-specified n peaks can also substantially reduce processing
time and file size. However, care should be taken when using a threshold peak filter as it can
remove low intensity signals from the dataset if the thresholds are too high or keep too few peaks.

Table 4. Processing time for dataset #7 after conversion to .mzML format using varying settings.

Encoding | Peak picking | Threshold peak filter Size | Processing
precision | filter (MB) | Time (s)
64-bit None None 2003 | 293

32-bit None None 1278 | 35

32-bit Vendor None 1279 | 34

32-bit Vendor Keep peaks with >10 absolute intensity | 655 | 22

32-bit Vendor Keep top 100 peaks 27 5

Next, dataset #1 was converted to .mzML format using a 32-bit encoding and no peak
picking or threshold peak filter. This dataset was processed multiple times, each time with mass
lists of different size. As seen in Figure 5, the relationship between the number of mass entries and
processing time is linear with a large y-intercept. This is expected, since there is a substantial
overhead when loading and reading the .mzML files, indicating potential for further improvement
in processing speed.
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Figure 5. Processing time for dataset #1 as a function of the number of m/z windows
extracted. The dataset was acquired on a Q-Exactive HF-X Orbitrap and contains MS' data.
It is an 1878 MB .mzML file with 32-bit encoding precision. The plot is relatively linear,
with a coefficient of determination (R?) equal to 0.9819.

Because MSIGen can process even very large datasets such as dataset #4 on a laptop, it
should be compatible with most laboratory Windows machines and standard imaging datasets.
Overall, MSIGen provides acceptable processing times for applications that do not require real-
time monitoring, particularly when using supported commercial data formats and or 32-bit
encoding precision .mzML files. Nevertheless, there is room for future optimization of MSIGen
through multithreading and updates to dependencies.

CONCLUSIONS

We have developed MSIGen, an open-source Python package for the visualization and analysis of
MSI data acquired in a line-wise fashion. MSIGen supports multiple MSI modes, including IMS-
MSI, MS2-MSI, and MRM-MSI. The software accepts multiple open-source and commercial
formats making it widely applicable. The visualization tool can be used to generate ion, fractional,
and ratio images with different types of normalization. The extracted images can also be exported
into arrays for further analysis. MSIGen offers a GUI, Jupyter Notebook, and command line
interface to interact with the package, allowing for flexible application and adaptation to user
workflows. Overall, MSIGen fills the need for a MSI visualization program that is not limited to
specific instruments and that can accept multiple MSI modes, most notably IMS-MSI, MS?-MSI,
and MRM-MSI. This development will facilitate the adaptation of these or other modes of MSI
data acquisition that will further enhance the specificity, sensitivity, and molecular identification
capabilities of MSI.
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